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1. Objective 

For the past several years, our group has been exploring materials in which energy can be 
trapped in metastable states, in an attempt to understand a phenomenon termed Structural Bond 
Energy Release (SBER).  The SBER concept originated with experiments conducted in the U.S. 
in the 1930s by Bridgman (1), in which various inert common materials, such as chalk and sugar, 
were compressed in a Bridgman anvil cell and subjected to shear.  For several materials, the 
combination of pressure and shear resulted in a rapid liberation of energy. These experiments 
generated intense interest in the former Soviet Union (FSU) (2, 3), yet were virtually ignored by 
the rest of global scientific community.  Since researchers in the FSU had a particular interest in 
carbon, we performed theoretical calculations to characterize high-pressure states (> 600 GPa) of 
this potential SBER material.  We initially began searching for features in the phase diagrams of 
carbon that would suggest sharp thresholds for shock-induced polymorphic phase transition; our 
calculations began with the shock Hugoniot of diamond to investigate the existence of possible 
anomalies that could result in the identification of new, high-pressure metastable phases of 
carbon.  However, no such anomalies were identified.   

During the course of the earlier theoretical investigation, however, we became aware of a 
combined experimental/theoretical study on surface reconstructions in nanodiamonds (NDs) (4) 
that suggest such crystallites might contain significant SBE.  The theoretical portion of this study 
used semi-empirical tight binding to predict the equilibrium structure of ND; the results indicated 
that surface reconstruction of ND of various sizes from 1.2 to 3.0 nm occurred, in which the 
surface atoms repositioned themselves into fullerene-type geometrical arrangements 
spontaneously at low temperatures.  Both the experimental and theoretical results support the 
existence of these “bucky diamonds, i.e., carbon nanoparticles with a diamond core of a few 
nanometers and a fullerene-like surface structure” (4).  The calculations revealed tensile stress on 
the core of the nanocluster, implying that the reconfiguration of the fullerene-like surface 
compresses the diamond core.  Our own calculations of the diamond shock Hugoniot (5) indicate 
that very small degrees of compression produce huge increases in pressure.  Thus, any subtle 
changes in the bonding structure of the outer shell that produce minor bond length modifications 
within the ND core could generate significant stored structural bond energy within the ND.  In 
addition to the structural strain within the core, the interfacial strain between the fullerene-type 
shell and the diamond core may contribute to the total stored structural energy.  These findings 
suggest the SBER potential of bucky diamonds, in that a sudden disruption of the shell and 
subsequent relaxation of the internal pressure of the core might result in the destruction of  
the diamond structure with an accompanying energy release.  To explore this possibility,  
a joint experimental/quantum mechanical study investigated the feasibility of SBER 
phenomenon in ND. 
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2. Approach 

2.1 Experimental 

Piston-cylinder type diamond anvil cells with 300 μm diamond culets were used for all static 
high-pressure experiments.  Raw (NB-90) and Oxidized (NB90-OX) nanodiamond suspensions, 
were obtained from NanoBlox, Inc.  The suspensions were dried in a drying oven at 150 °C over 
the course of several days and then ground into a fine powder.  A 60–100 μm ND sample was 
loaded into the sample well (~120 μm in diameter) of a rhenium gasket.  The pressure within the 
diamond anvil cell was determined from the frequency shift of the ruby R1 fluorescence line (6).  
Raman spectra were obtained from an Ar+ ion laser operating at 514.5 nm with an optical system 
previously described (7), and a laser spot diameter of ~4 μm at room temperature.  Prior to any 
experimental measurements, a wavelength calibration of the spectrograph was performed with a 
Neon lamp; this method of calibration has an accuracy of ±1 cm–1.  The spectral resolution for all 
Raman measurements was ±4 cm–1.   

2.2 Theoretical 

For all calculations, the PBE form of the Generalized Gradient Approximation (GGA) of the 
Density Functional Theory (DFT) as implemented in the local orbital basis code CP2K was used.  
We employed a Gaussian basis and an auxiliary plane wave basis with the kinetic energy cutoff 
of 400 Rydberg.  All the calculations were performed at the Γ points of the Brillouin zone, as the 
unit cells were quite large.  The SCF convergence tolerance at each step of the Quantum 
Molecular Dynamics (QMD) calculations for all systems studied was 1 x 10–5 a.u.  Each ND was 
composed of 2052 atoms, and an initial optimized geometry was obtained by cleaving a sphere 
out of the bulk diamond with a diameter of 2.6 nm.  The ND was allowed to relax in QMD 
simulations in the microcanonical (NVT) ensemble (T=300 K) in a simulation cell with edge 
length of 121.5 bohr.  The reference system propagator algorithms (RESPA) implementation of 
the NVT ensemble implemented in CP2K was employed for the simulations of the collisions.  
Trajectories of the collisions were performed using a step size of 1 fs.  In order to simulate a 
hypervelocity collision, atomic velocities for the colliding ND were assigned velocities above 
thermal to correspond to 10 km/s, allowing for a 20 km/s relative collision velocity.  Only off-
center collisions were explored.   
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3. Results 

3.1 Experimental 

The Raman spectra of the Raw (RND) and Oxidized (OND) on isothermal compression ambient 
to 53 GPa are shown in Figure 1 (left and right frames, respectively).  Although there are 
similarities between the Raman spectra of the bulk single crystal (SC) diamond and 
micro/nanodiamond, the finite particle size of the ND results in obvious spectroscopic 
differences, such as shifts in the vibrational frequencies and a generalized broadening of the 
bands (8, 9).  These differences are readily apparent in figure 1 where the sharp feature near  
1330 cm–1 arises from the first order scattering from the diamond (single crystal) anvils, and the 
remaining weak, broad features arise from the nanodiamonds.  The Raman spectra of both ND 
samples show the appearance of a broad shoulder (~1260 cm–1) on the low frequency side of the 
1335 cm–1 SC feature near 15 GPa.  Previous studies have shown that the vibrational position of 
this shoulder lies within the spectral range associated with the partial density of states of the 
diamond lattice, and indicates that the ND particles have a composite structure consisting of a 
diamond core and an amorphous carbon shell (10). At pressures near 15 GPa, the feature appears 
more intense in the RND, but with increasing pressure, the intensity in the corresponding OND 
spectra increases nearly two fold.  The increase in the intensity of the OND feature is consistent 
with a thinner amorphous carbon surface structure, which would then expose the diamond core 
as pressure increases. An increase in the amount of exposed core is expected to be a precursor to 
an SBER event.  

 

Figure 1.  Raman spectra of raw (left) and oxidized (right) nanodiamonds as a function  
of pressure.   

Note:  Spectra are offset for viewing ease. 
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In addition to the sp3 diamond feature, two very broad bands near 1000 cm–1, and between  
1500 cm–1 and 1800 cm–1, are observed in the Raman spectra of both samples.   The broad band 
between 1500 cm–1 and 1800 cm–1 can be interpreted as a superposition of two peaks at  
1630 cm–1 and 1750 cm–1. The band near 1630 cm–1 is associated with sp2 hybridized graphite, 
while the 1750 cm–1 is thought to originate from C=O functionality on the ND surface (10). 
These features are often observed in vibrational spectra of amorphous carbon samples that 
contain a high concentration of carbon atoms in mixed sp2/sp3 hybridization states (11–13).  
Since the most probable end product of a ND SBER type phase transition is graphite, a transition 
would be indicated in the Raman vibrational spectrum by a sharp increase in the sp2 peak 
centered near 1630 cm–1.  The intensity of this feature in the RND spectrum remains fairly 
consistent over the pressure range studied, indicating that little to no transition occurs.  This  
may be the result of thick amorphous carbon surface, as well as the sample impurities.  However, 
in the OND spectra, there is a nearly two-fold intensity increase in the sp2 feature that correlates 
well with the intensity increase of the 1260 cm–1 feature.  This suggests that a partial  
phase transition from sp3 hybridized diamond to sp2 hybridized graphite may be occurring,  
but it is sluggish.   

3.2 Theoretical 

DFT calculations were used to characterize a bare, reconstructed ND composed of 2052 atoms; 
the optimized structure of this ND is shown in figure 2.  The bonds within the core were 
analyzed by calculating the average distance from an atom to its four nearest neighbors.  These 
averages were then binned and averaged by the distance of the atom from the center of the 
nanodiamond.  These bond lengths were then compared to the bond lengths of bulk diamond to 
provide estimates of the internal pressure of the core by comparing local bond structure to that of 
bulk diamond at known pressure.  Although the material near the surface is significantly 
distorted from that of bulk diamond (see the equilibrium configuration shown in figure 2), the 
material within the core has the same coordination and orientation of the bonds as bulk diamond, 
except that the bonds are compressed to a point that corresponds to 50 GPa in compressed bulk 
diamond.  Thus, we estimate that the internal pressure is ~50 GPa.     
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Figure 2.  Equilibrated ND. 

QMD simulations were then performed on two such bare, reconstructed ND subjected to 
hypervelocity non-central collisions in order to explore conditions in which the outer shells could 
be disrupted and the subsequent effect.  The simulation involved an off-center high velocity 
collision of two NDs moving relative to one another at 20 km/s.  Figure 3 shows a series of 
sequential snapshots of colliding NDs during this trajectory from two perspectives:  the left-most 
frames show the NDs moving into or out of the plane of visualization; the right-most frame 
shows the NDs moving along the horizontal axis.   
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Figure 3.  Snapshot of colliding NDs at 0.076 ps (top),  
0.15 ps (second frame), 0.20 ps (third frame),  
0.359 ps (fourth frame), 0.589 ps (bottom frame).   

Note:  All but the bottom frame show the collision from two perspectives.  (See text). 

Upon collision, shock waves propagate through the bodies of the NDs, and amorphization of the 
material at the contact region occurs as seen in first frame of figure 3 (t=0.076 ps).  In the second 
frame of the snapshot at 0.15 ps, each ND shears and compresses material from the other in the 
region of the direct collision of the two particles, leading to a configuration of the two conjoined 
particles that resembles an “S”.  At t=0.20 ps (third frame), the two fragments separate, and we 
see the initial relaxation (expansion) of the region of the material that has been sheared and the 
ejection of small fragments (ranging from atoms to small carbon clusters) into the vacuum.  The 
fourth frame, depicting the system at 0.359 ps, shows a continuing separation of the particles, 
with the various polyatomic moieties departing from the sheared region of the NDs into the 
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vacuum.  The material at the sheared region of the fragments expands in all directions, leading to 
a deformation of the parent fragment.  The bottom frame, corresponding to t=0.589 ps, shows 
that the fragments are continuing to expand and flatten relative to the original spherical shape.  
Additionally, the fragments are rotated relative to their initial arrangement about their inertial 
axes, indicating that during the collision, the fragments gain angular momentum.  Animation of 
the snapshots for the duration of the trajectory shows that the atoms on the entire surface of the 
retreating fragments are mobile, and that the surface material appears unstable.  We are further 
exploring the behavior of these retreating fragments, as well as exploring these collisions at 
lower relative collision velocities (10 and 5 km/s).   

It is quite apparent from these simulations that high velocity collisions, indeed, disrupt the ND, 
which subsequently comminutes into mono- and multi-atomic fragments that are moving at high 
velocities and that are probably highly reactive.  Such high-velocity reactive particles, when 
coming into contact with atmospheric gases, would result in combustion, thus providing 
significant energy release.  We intend to introduce molecular oxygen into a subsequent series of 
simulations in order to explore this possibility.  

4. Conclusions 

The above theoretical results indicate that ND could be potential sources of SBE for potential use 
as next-generation energetic materials; however, the key to its use appears to be in the sudden 
rupture of the surface.  Unlike the idealized ND explored in our theoretical study, nanodiamond 
particles produced by detonation synthesis have a composite structure comprised of a diamond 
core and an amorphous carbon outer shell.  The outer shell thickness can be modified through 
various purification schemes, and it is reasonable to expect variations in the SBER potential of 
nanodiamonds prepared under differing purification methods.  Static high-pressure Raman 
spectroscopic measurements collected to 53 GPa showed a slight intensity increase in the OND 
feature near 1335 cm–1, which lies within the partial density of states of the diamond lattice.  The 
intensification of this vibrational feature is consistent with a thinner amorphous carbon outer 
shell, which results in greater exposure to the diamond core under subsequent pressure increases.  
Exposure of the diamond core is thought to be an important precursor to SBER initiation. 
Additionally, a nearly two-fold increase in the vibrational intensity of the sp2 graphite peak 
centered near 1630 cm–1 in the OND spectrum suggests the possibility of a sluggish partial phase 
transition from sp3-hybridized diamond to sp2-hybridized graphite.  Future experiments will 
focus on combining high-pressure with high-shear/strain conditions to judge whether the SBER 
phenomena can be triggered in nanodiamond materials.  We expect that further theoretical and 
experimental investigations into the surface morphology and requirements to crack the shell  
will allow for a fundamental understanding of the conditions in which rapid release of this 
energy can be used. 
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